The lipids of Thermus aquaticus YT1, Thermus thermophilus HB8, Thermus sp. strains H and J (from Icelandic hot springs), and Thermus sp. strain NH (from domestic hot water) have been investigated. Each strain contained two major components, a glycolipid and a glycophospholipid, which have been isolated and analyzed. All of the strains contained as the principal component (41 to 57% of total lipid) a diacyldiglycosyl-(N-acyl)glycosaminylglucosylglycerol, but the five glycolipids differed in carbohydrate composition. The glycophospholipid appeared to be identical in each strain and contained an N-acylglucosamine residue. The principal fatty acids were C15 and C17 branched-chain compounds. This unique polar lipid composition should be of value in the classification of other thermophiles in the genus Thermus. The exceptionally high carbohydrate content of the lipids of these extreme thermophiles may be of significance in relation to the molecular basis of thermophily.
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The lipids of thermophilic bacteria are of particular interest in relation to the molecular basis of thermophily. Recent investigations have shown that glycolipids are major membrane components of thermoacidophilic bacteria, e.g., Sulfolobus acidocaldarius (7) , Bacillus acidocaldarius (8) , and Thermoplasma acidophilum (9) . A singular glycolipid has been isolated from the thermophilic, but non-acidophilic, organism Thermus thermophilus HB8, found in Japanese hot springs (12) , for which the structure diacyldigalactosyl-(N-acyl)glucosaminylglucosylglycerol has been elucidated (11) . Although glycolipids of the diacylglycosylglycerol type are prevalent in bacteria (21) , the glycolipid present in T. thermophilus is notable for the size of the hydrophilic moiety and for its abundance, both features of possible significance in relation to thermophily. The type species of the genus Thermus is Thermus aquaticus, and the lipid composition of strain YT1 has been described (16) . Glycolipids, which were not major components, were identified as diacylglucobiosylglycerol and diacylglucosylglycerol. In view of the chemotaxonomic relevance of glycolipid composition (20) , this disparity between T. aquaticus and T. thermophilus is surprising and suggested that an examination of the lipid composition of other extreme thermophiles belonging to the genus Thermus was desirable. Bacteria of this type have been isolated from thermal springs and domestic hot water systems worldwide (27) . This paper describes the lipid composition of two strains of Thermus spp. isolated from hot springs in southwest Iceland (14) , a strain isolated from a hot water supply at the London Hospital (13) , and the reexamination of the lipids of T. aquaticus YT1.
MATERIALS AND METHODS
Organims and growth conditons. Thermus sp. strains H and J (Icelandic hot springs) and strain NH (domestic hot water) were supplied by R.A.D. Williams and have been described previously (13, 14) . T. thermophilus HB8 was also supplied by Williams from the original culture isolated-by T. Oshima (12) . Strain YT1 (ATCC 25104) is the type strain of T. aquaticus. The cultures were maintained and grown as previously described (13, 14) .
Analytkal methods. Lipids were examined by thinlayer chromatography in a system of chloroformmethanol-water (65:25:4, vol/vol), and components were detected by reagents specific for a-glycols (19) and phosphorus (4). Lipids were de-O-acylated with sodium methoxide (10) and de-N-acylated by hydrolysis in N-NaOH for 3 h at 100°C. The glycoside was recovered by introducing the hydrolysate onto a column of Dowex 50 (H+ form) resin and eluting with 0.1 N HCI; the eluate was dried in vacuo over KOH. Samples of lipids and glycosides were hydrolyzed in 2 N HCI at 100°C for 3 h, and the free sugars and polyols were identified by paper chromatography in a system of ethyl acetate-pyridine-acetic acid-water (5:5:1:3, vol/vol); components were detected by the alkaline silver nitrate reagent for sugars and polyols (23) , the periodate-Schiff reagents for a-glycols (1), and ninhydrin. Hexosamines were also identified by analysis in a Jeol amino acid analyzer.
Quantitative analysis of carbohydrate (5), amino compounds (24) , and glycerol (6) was carried out by standard colorimetric or enzymatic methods. Hexoses and hexosamines were also analyzed by gas-liquid chromatography as their alditol acetate derivatives (18) . To ensure complete hydrolysis of glycosaminyl linkages, samples were hydrolyzed in 4 N HCI for 3 h at 100°C, followed by reduction with sodium borohydride and acetylation. Samples of standard hexoses and hexosamines were also subjected to the same procedure to correct for degradation during the acid hydrolysis. Fatty acids were analyzed as their methyl esters by gas-liquid chromatography (22) . Infrared spectrophotometry was carried out using a Unicam SP-200 spectrophotometer and KBr disks. Nitrous acid deamination of glycosaminyl glycosides was carried out by the method of Cifonelli (3). The products were examined by paper chromatography and gas-liquid chromatography (as trimethylsilyl derivatives) for glycosylglycerols (2) .
Extracon and purification of the lipids. The freezedried cells were stirred with five times their volume of chloroform-methanol mixture (2:1, vol/vol) overnight at room temperature, and the crude lipid extract was purified on Sephadex G-25 (26) . The individual lipid components were separated by column chromatography on DEAE-cellulose (acetate form) (17) . The total lipid dissolved in chloroform was introduced onto a column of DEAE-cellulose made up in chloroform. The column was eluted successively with chloroform, 5% methanol in chloroform, 20% methanol in chloroform, and finally 33% methanol in chloroform containing 2 g of ammonium acetate per liter. When necessary, this procedure was repeated on individual fractions to complete purification.
RESULTS
The total lipid content of all five strains ranged from 8 to 12% of the dry cell weight. The chloroform solutions of the lipids from YT1, HB8, and the two Icelandic strains, H and J, were deep orange, presumably due to the presence of carotenoids (14, 16) , whereas that of the hot-water strain NH, where such pigments are thought not to be present (13) Chromatography on silicic acid, which is frequently used for the separation of diacylglycosylglycerols (25), did not adequately resolve the two major components, but these were efficiently separated by chromatography on DEAE-cellulose (17) . The glycolipid was eluted in the 20% methanol in chloroform fraction, and the phospholipid emerged in the final fraction. The yield of pure glycolipids, which was a minimum figure as the separation was not quantitative, ranged between 41 and 57% of the total lipid (Table 1) ; the phospholipid represented from 35 to 42%. The neutral fractions, which in the pigmented strains contained the carotenoids, were not examined further.
Analysis of the glycolipid from HB8 (Table 1 ) was consistent with the diacyldigalactosyl-(Nacyl)glucosaminylglucosylglycerol structure established by Oshima and Yamakawa (11) . The similarity in properties between this glycolipid and those isolated from the other four strains suggested similar diacyldiglycosyl-(N-acyl)glycosaminylglycosylglycerol structures for the latter. All of the glycolipids gave a hexose-hexosamine-glycerol ratio of 3:1:1 although the constituent sugars varied ( Table 1 ). The infrared spectra of all the glycolipids were very similar and showed bands typical of ester groups (1,730 cm 1) and amide groups (1,640 cm-' and 1,545 cm-1). Mild alkaline hydrolysis did not yield a water-soluble glycoside, and the infrared spectrum of the product still showed the amide bands, suggesting N-acylation of the hexosamine. This was confirmed by total alkaline hydrolysis which yielded a ninhydrin-positive, water-soluble glycoside and free fatty acids. Further evidence concerning the sequence of sugar residues was obtained by examining the products of nitrous acid deamination (3). The action of nitrous acid on a diglycosylglycosaminylglycosylglycerol would be expected to yield a degraded deaminated trisaccharide with concomitant cleavage of the glycosidic linkage to give a glycosylglycerol. Treatment of the watersoluble glycoside from HB8 with nitrous acid yielded the expected glucosylglycerol, which was identified both by paper and gas-liquid chromatography. This result was consistent with the established structure (11) , where the digalactosylglucosaminyl residue is glycosidically bound to the glucosylglycerol. Application of this method to the four unknown glycosides gave identical results; in each case glucosylglycerol was identified and no other glycosylglycerol was produced. Thus hexosaminylglucosylglycerol is a structural feature common to all of the glycosides, and, with the exception of strain J, this establishes the complete sequence of sugar residues in the glycolipid ( Table 2) .
The fatty acid composition of the glycolipids is given in Table 3 . In all strains the two major fatty acids are 13-methyltetradecanoic acid and 15-methylhexadecanoic acid with smaller amounts of 14-methylpentadecanoic acid. Such a composition has been previously reported for YT1 (15) and HB8 (11) . Each glycolipid contained three fatty acid residues (Table 1) , and it is reasonable to suppose that two of these are bound through ester linkages to the glycerol although this has not been rigorously established. The third acyl reside is bound to the amino group of the hexosamine. This conclusion is supported by the presence of amide bands (1, 640 cm-' and 1,545 cm-') in the infrared spectrum, the negative ninhydrin reaction given by the glycolipid, and the incomplete removal of acyl residues by treatment with sodium methoxide. There was no preferential distribution of the major fatty acids between ester or amide linkages in the glycolipid from YT1 ( Table 3) .
The phospholipid did not correspond on thinlayer chromatography to any known bacterial phospholipid. It gave a slow positive response to the periodate-Schiff reagents, suggesting the presence of carbohydrate. This was confirmed by acid hydrolysis, which gave glucosamine; no other sugars were detected. The phospholipid did not give a positive reaction to the ninhydrin reagent, suggesting that the glucosamine is Nacylated as in the glycolipid. The presence of amide bands in the infrared spectrum and the failure to yield a water-soluble phosphate ester on treatment with sodium methoxide supported this conclusion. The phospholipid in all five strains appeared to be identical. DISCUSSION The glycolipid from T. thermophilus HB8 has previously been identified (11) as a diacyldigalactosyl-(N-acyl)glucosaminylglucosylglycerol. Examination of four strains of Thermus, including the type strain T. aquaticus YTl1, has shown the presence of similar glycolipids (Table 2) . Although the linkage and configuration of the sugar units have yet to be established, the general structural features have been elucidated. All the glycolipids are members of the diacylglycosylglycerols, a class of lipids prevalent in bacteria (21) , but the size of the hydrophilic moiety is double that normally found in mesophilic organisms. The glycolipid from YT1 is a diacyldiglucosyl-(N-acyl)galactosaminylglucosyglycerol, that from strain H is a diacyldiglucosyl4N-acyl)glucosaminylglucosylglycerol, that from strain NH is a diacyldigalactosyl-(N-acyl)glucosaminylglucosylglycerol, and that from strain J is either a diacylgalactosylglucosyl-or a diacyl- Galactosylglucosylglucosaminylglucosylglycerol or glucosylgalactosylglucosaminylglucosylglycerolc a Each glycolipid has three fatty acids, one of which is bound through an amide linkage to the hexosamine. The remaining two are presumed to be esterified to the glycerol.
b The complete structure has been determined (11) . c The sequence of the first two sugars has not been established.
amide linkage to the hexosamine, and this Nacyl hexosamine is located in the same position in the molecule, one hexose removed from the diacylglycerol moiety. The terminal galactose in the glycolipid of HB8 is in the furanose form (11) , and it is probable that furanose residues are present in the other glycolipids. The latter all gave similar reactions to the periodate-Schiff reagents on thin-layer chromatography; a rapid purple color was produced, characteristic of formaldehyde which would be released from oxidation of the C5-C6 glycol unit of a hexafuranoside residue. All five strains of Thermus contained one major phospholipid which did not correspond to any of the usual bacterial phospholipids, e.g., phosphatidylglycerol, bisphosphatidylglycerol, or phosphatidylethanolamine. In common with the glycolipid, mild alkaline hydrolysis did not give a water-soluble product, and the presence of amide bands in the infrared spectrum indicated the presence of an N-acyl amino sugar. This was confirmed by characterization on paper chromatography of glucosamine as a product of acid hydrolysis. The major phospholipid is therefore a glycophospholipid containing an Nacyl glucosamine, but its properties are not consistent with the structure N-acylglucosamin- The glycophospholipid also contains an Nacylglycosaminyl residue, a structural feature also found in the glycolipids of the thermoacidophile B. acidocaldarius (8) . It may be pertinent to note that the other group of organisms which contain high concentrations of glycolipids includes some bacterial L-forms and some Mycoplasma (21) , all organisms lacking a rigid cell wall and presumably requiring suitable modifications to the cell membrane to enhance stability.
